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ABSTRACT 
 
Steady flow at a breached levee is studied in this dissertation through a generalized model 
and a case study. The generalized experimental set-up consists of a main channel with an 
opening in its side wall and an adjustable sluice gate at its downstream end. Water 
surface elevation and the three-dimensional velocity field are measured by a point gauge 
and an Acoustic Doppler Velocimeter (ADV), respectively. Time-averaged measured 
values of velocity field and free surface elevation are presented. In addition, Froude 
Number, turbulent kinetic energy (TKE) and bed shear stress are computed from the 
measured results. Results show that the flow is one-dimensional near the inlet and outlet 
of the main channel. However, it is three-dimensional near the breach. There is a zone of 
depression having dimensions less than the breach length near the breach in the surface 
profile. The Froude Number indicates the flow is critical near the breach. The bed shear 
stress shows that the breach area is prone to erosion. A generalized analytical model is 
developed to predict the approximate flow depth and velocity at the breach by knowing 
the flow depths at inlet and outlet, discharge at inlet, channel widths and breach length. 
The 17
th
 Street Canal breach is employed as a case study. Detailed measurements of the 
flow field are performed in a 1:50 scale hydraulic model. On the model, the actual 
topography of the channel bed and the area beside the breach are reproduced. The flow in 
the channel is one-dimensional near the inlet, it becomes two-dimensional as it 
approaches the breach and finally it becomes three-dimensional at the breach. A 
ix 
 
recirculating zone in the channel downstream of the breach exists due to no flow at the 
downstream boundary. Depth-averaged velocities, turbulent kinetic energy and bed shear 
stress are determined from the measured velocities. In addition, results for water surface 
profile and the effect of nearby structures on the flow field are presented. Trends for the 
Froude Number, TKE and bed shear stress are similar to those observed in the 
generalized experimental model. In addition, the generalized analytical model is used to 
predict the approximate flow depth and velocity at the 17
th
 Street Canal Breach. 
Comparison of results obtained from the detailed measurements and from the analytical 
model suggests that the flow depth is over-predicted by the analytical model.                                                                                                                                                                           
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Chapter 1 
INTRODUCTION 
 
1.1 Levee breach flow 
Breaching of levees in a river or in a canal is the most common cause of flooding. The 
breach may be natural or artificial.  The breaching of levees begins with the partial failure 
of the levee followed by enlargement of the opening and the formation of scour holes 
resulting in complete breakage of the embankment (Fujita et al. 1987). Sometimes, 
breaching of a levee is purposefully engineered to manage a flood (Jaffe and Sanders, 
2001). A depression known as a kolk lake may be formed behind the breach, due to high 
intensity of flow through the breach associated with scour of bed. A levee breach causes 
mega flood leading to enormous losses to lives and properties. Some examples of levee 
breaches in the recent past are (place, country, month, year):  Thatta, Pakistan, August 
2010; Bihar, India, August 2008; Louisiana, USA, August 2005. A list of historic events 
of levee breach is presented in Appendix-1. Understanding the levee breach flow helps in 
many engineering applications such as, (i) estimation of the flood inundation area/flood 
plain zoning; (ii) efficient way of closing the breach; (iii) design of the embankment; and 
(iv) assessment of impact of flood wave on the structures in the vicinity. The research 
reported in this dissertation is for understanding the hydraulics of steady flow at a 
breached levee. 
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The characteristics of divided, open-channel flow due to a levee breach are complicated. 
The occurrence of a levee breach triggers the propagation of flood wave in a region 
external to the main channel. It also affects the flow field in the main channel. It is 
important to estimate the outgoing discharge through the breached levee and the water 
surface profiles in the main channel and in the flooding zone outside the breaches.  The 
velocity field near the breach is highly complicated and is associated with high degree of 
turbulence, energy loss and three-dimensional flow field. Flow separation and trans-
critical flow may be present.  The changed water flow features also influence the 
sediment transport in the whole system.  A definition sketch for divided flow in an open 
channel due to a levee breach is presented in Fig. 1.1.  
 
Figure 1.1: Definition sketch of divided flow due to a levee breach 
Divided open channel flow due to levee breach is studied in the present work and the 17
th
 
street canal breach is used as a case study. A brief description of the event is presented in 
the following paragraphs. 
 3 
 
1.2 17
th
 Street Canal Breach 
The City of New Orleans is surrounded by an intricate network of floodwalls and dikes 
built to protect the city from flooding from the Mississippi River and Lake Pontchartrain. 
On August 29, 2005, Hurricane Katrina, a category 4 hurricane, led to over 20 levee 
breaches in the City of New Orleans within 24 hours of the passage of the storm and 80 
percent of the city was submerged by the flooding, with some parts under 15 feet of water 
(Wikipedia 2012).  The worst of these breaches occurred on the 17
th
 Street Canal, with an 
overall length of 465 feet.  About 100,000 citizens were trapped in the city without 
power, food, and drinking water.  This failure has been cited as an ‘engineering failure’ 
(Walsh 2006).  There were approximately 2000 deaths and total properties damages of 
cost $500 billion (Robert et al. 2008). 
  
The US Army Corps of Engineers started the closure of the 17
th
 Street breach by placing 
3000 lb sandbags by helicopters. Later the size of the sandbags was increased to 6000 and 
7000 lbs because the lighter bags were washed away by the flow through the breach. 
Plans in the field for breach closure were changed a couple of times because of the 
absence of standard procedures. The measured maximum breach discharge was 31,699 
cfs as compared to about 29,000 cfs as calculated in the (USACE 2007). The measured 
flooding depths in the vicinity of the breach ranged from 4 ft to 6 ft and then decreased to 
an average value of 2.2 ft at about 400 ft from the breach, which are very close to high 
water marks of elevations 2.3 ft to 2.8 ft collected at 400 ft from the breach and the scaled 
video recording of 4-5 ft near the breach (UACE 2007). 
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1.3 Objectives 
The main purpose of the present study is to understand the hydraulic behavior of steady 
flow past a breached levee.  Specific objectives of this dissertation are (i) to measure the 
detailed flow field in a generalized model set-up; (ii) to develop an analytical model to 
predict the approximate flow conditions at the breach; (iii) to measure the detailed flow 
field for a real-life case of levee breach flow; and, (iv) to verify the performance of the 
analytical model to predict the real-life case using the hydraulic model study of the 17
th
 
Street Canal breach.  
 
1.4 Organization 
The dissertation is divided into six chapters. Importance and characteristics of levee 
breach flow are presented in the present chapter. In addition, the objectives are identified. 
Literature relevant to the present study is reviewed in the next chapter. The third chapter 
presents the experimental setup and procedure. Results of the generalized model are 
presented in chapter four and results for the 17
th
 Street Canal breach are reported in 
chapter five. Important conclusions from the present research and scope of future work 
are outlined in the last chapter.  Experimental results are included in Appendix…  
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Chapter 2 
REVIEW OF LITERATURE 
 
Importance of divided flow in an open channel due to a levee breach is discussed in the 
previous chapter and the objectives of the present study are presented. Literature relevant 
to the divided open channel flow (DOCF) in general and flow due to levee breach in 
particular is reviewed in this chapter. The presentation is divided into three parts: (i) 
divided flow in open channels; (ii) flow due to levee breach; and (iii) 17
th
 Street canal 
breach. 
 
2.1 Divided flow in open channels  
Considering the methodology to study divided flows in open channels, analytical, 
numerical and experimental approaches have been reported in the literature. Shabayek et 
al. (1999) presented an analytical model for subcritical dividing flows in open channel 
junctions. Separate control volumes for the main channel flow and for the lateral channel 
flow were considered. The momentum principle was applied in the stream-wise direction 
together with mass conservation. Given the discharge ratio and the upstream Froude 
number, the proposed model was used to solve for the downstream flow depths for the 
main and the lateral channel. 
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Ramamurthy et al. (1990) presented a model for dividing flow at right-angle junctions of 
rectangular open channels and obtained an estimate of the discharge ratio as a function of 
the Froude number in the main channel upstream and downstream of the junction. The 
proposed model was verified by experimental data. Various aspects of divided open 
channel flows have been reported in the literature. Yue et al. (2005) presented coherent 
structures in open-channel flows over a fixed dune. Turbulent open-channel flow over a 
two-dimensional laboratory-scale dune was studied using large eddy simulation. Level 
set method was used for surface tracking. The numerical simulations for mean flow field 
and turbulence statistics were in good agreement with the experimental data. 
Ramamurthy et al. (2007) also presented a three-dimensional turbulence model to 
investigate the dividing open-channel flow. The simulated flow characteristics were 
validated using experimental data. Data related to secondary flows provided information 
vital to bank stability. Pirzadeh and Shamloo (2008) presented numerical investigation of 
velocity field in dividing open-channel flow by applying FLUENT for lateral intake flow 
and compared the numerical results and measured experimental velocities. Kesserwani 
and Vazquez (2010) presented a mathematical model for predicting the division of 
unsteady flow at a right-angle open-channel junction. They assumed a side weir with zero 
crest height at the junction to take into account the divided flow. An upwind, implicit 
numerical solver is employed to compute the governing equations. In all the tests, lateral-
to-upstream discharge ratios are successfully reproduced by the present technique with a 
maximum error of less than nine percent. All the works cited above are numerical. 
However, many experimental works are also reported in the literature and some relevant 
works are discussed in the following paragraphs. 
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 Lakshmana et al. (1970) presented flow characteristics such as surface profiles, dividing 
streamlines at the bed and on the surface, and return flow in the branch channel. The 
division of flow was correlated with Froude numbers in the main and branch channels. 
Neary and Odgaard (1993) showed that the flow at an open channel diversion is three-
dimensional, exhibiting similar characteristics to river bend flows. They advocated that 
the sediment transport behavior at diversions required the understanding of three-
dimensional flow structure. Hsu et al. (2002) found that the contraction coefficient at the 
maximum width-contracted section in the recirculation region was almost inversely 
related to the main channel upstream-to-downstream discharge ratio. The energy heads 
upstream and downstream of the division in the main channel were found to be almost 
equal. The energy-loss coefficient of the division was expressed in terms of discharge 
ratio, upstream Froude number and depth ratio. An expression to determine the maximum 
possible branch-channel discharge at a given upstream discharge with a prescribed 
downstream Froude number was presented. El Kadi et al. (2011) presented characteristics 
of dividing critical flows with various inflow discharges and downstream boundary 
conditions. Four main flow patterns were identified considering the location and length of 
the developed hydraulic jumps. A relationship between the discharge division ratio and 
the tail water Froude number was established. Ramamurthy et al. (2007) used point gauge 
and laser Doppler anemometer to measure flow depth and velocities, respectively and 
data were used to develop a numerical model.  
 
Barkdoll et al. (1998) compared experimental results for velocity and water-surface 
elevation between open-channel free surface and duct symmetry plane. The differences in 
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velocity were attributed to secondary currents in open-channel flow. They also found that 
centrifugal forces caused up to 2.1 percent super elevation of the water surface in the 
junction. Ye et al. (1995) used LDA to measure and study the dividing flows in channels. 
The flow patterns, distribution of velocities and pressure, and the allotment of flow 
volumes were obtained in detail. The results showed that the dividing flow was very 
complicated. The dimensions of the breach, shape and backpressure in the downstream 
channel affect the flow patterns of the dividing flow. Agelinchaab and Tachie (2008) 
used particle image velocimeter (PIV) to study the mean and turbulent fields of separated 
and redeveloping flow over blocks of different shapes fixed to the bed.  
 
In view of the literature review presented in the above paragraphs, it may be remarked 
that divided open channel flows have been studied primarily by employing branched 
channels. However, some studies for flow past levee breach available in the literature are 
presented in the following section.  
 
2.2 Flow due to levee breach 
Han et al. (1998) presented flood inundation analysis resulting from a levee-break, by 
using one- and two-dimensional numerical models. Zhang and Yu (2001) presented 
numerical simulation of bed deformation in dike burst. Sarma and Das (2003) presented 
analytical solution of a flood wave resulting from dike failure. Faeh (2007) presented a 
numerical model taking into account the breach erosion of the river. The sensitivity of the 
discharge through the breach related to different processes and material parameters was 
compared with the experimental and field data. Yu et al. (2009) presented two-
9 
 
dimensional numerical simulations of the levee breach flows under complex boundary 
conditions. Vorogushyn et al. (2010) proposed an Inundation Hazard Assessment Model 
(IHAM) comprising of three models that are coupled dynamically: (1) one-dimensional 
unsteady hydrodynamic model for river channel and floodplain between dikes; (2) 
probabilistic dike breach model which determines possible dike breach locations, breach 
widths and breach outflow discharges; and (3) two-dimensional raster-based inundation 
model for the dike-protected floodplain areas. Savant et al. (2011) presented an efficient 
implicit, finite-element method for the dam and levee breach by using the concept of a 
pseudo-transient continuation (PTC) flow model.  
 
Only few experimental studies simulating flow past a breached levee are reported in the 
literature. Fujita et al. (1987) presented the process of enlargement of breaches in flood 
levees on alluvial plains. The hydraulic characteristics and the mechanisms for the 
enlargement of a breach were discussed and methods for the prevention or mitigation of 
breach enlargement were considered. Different aspects of side weir flow have been 
studied in details. Some recent studies have been reported by Emiroglu (2011), Prastowo 
et al. (2009), Kotowski and Wojtowicz (2007), Zhicheng et al. (2007), and Onen (2007). 
However, these studies were with a finite weir height. 
 
2.3 17
th
 Street Canal Breach 
Different aspects of the 17
th
 Street Canal breach have been reported: Hou et al. 2006 
described the pathogen indicator microbes and heavy metals in lake Pontchartrain 
following Hurricane Katrina. Rogers et al. (2008) and Dunbar et al. (2008) studied the 
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geologic conditions underlying the 2005 17th Street Canal levee failure. Sasanakul et al. 
(2008), Seed et al. (2008) and Steedman et al. (2011) analyzed different geotechnical 
aspects of the levee failure at the 17
th
 street canal breach. Duncan et al. (2008) presented 
the stability of I-walls in New Orleans during Hurricane Katrina. 
 
Seaberg (2010) utilized a 1:50 scale physical model to simulate the wave and water 
velocity conditions in the 17th Street Canal during the time period leading up to the 
breaching of the floodwall. This physical model study indicated wave-attenuating 
processes occurring as waves approached the location of the breach. Wave heights near 
the lakeside of the bridge were 0.3 to 0.9 m in height, reduced from 1.8 to 2.7 m wave 
heights in the open lake. Waves on the south side of the bridge, near the breach, were 
further reduced to heights below 0.3 m. These results supported the conclusion that the 
waves were not a significant factor for the 17th Street Canal floodwall failure. Other 
IPET investigations determined that the floodwall failure was of a geotechnical nature 
due to the high surge water level. The effects of debris on the flow and waves after the 
breach were also investigated.  
 
Sattar et al. (2008) used a 1:50 scale physical model of the 17th Street Canal breach to 
study the closure procedures. It is assumed in the model that the bed is fixed and the 
levee below the flood wall remains intact during breach closure. Because of the many 
uncertainties in the values of various variables, a range of conditions were tested on the 
model in an attempt to bracket the results for the flooding depths and the initial failed 
attempts to close the breach. Then, various possible methods for breach closure were 
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investigated utilizing the procedures developed for cofferdam closure for river diversion, 
e.g., toe dumping, transverse dumping, single- and multi-barrier embankments, etc.  
 
Emlen et al. (2012) presented a two-dimensional depth-averaged finite-volume numerical 
model and found that the transient part of the flood is quite short in comparison with the 
long flood in the city under steady-state conditions. Comparison between the simulated 
results and experimental measurements for steady-state flow was satisfactory. The depth-
average model could predict the average velocity values satisfactorily, even at the breach 
location.  
 
2.4 Summary 
Based on the review of literature presented in the previous sections, following remarks 
may be made: 
1. A generalized approach for the hydraulics of steady flow in a breached levee is not 
available. 
2. The characteristics of sediment transport including the aggradation and degradation 
of bed due to a levee breach has not been studied. 
3. Detailed measurements in the flow field in a levee breach environment are 
unavailable.  
4. The development of a numerical model to assess the wall stresses for bed scour 
and/or enlargement of the breach will be very useful.   
5. The hydraulics of the steady flow past a breached levee have been studied 
experimentally by using the 17
th
 Street Canal breach as a case study. 
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Chapter 3 
EXPERIMENTAL INVESTIGATIONS 
 
The experimental study for this dissertation is performed in the Hydraulics Laboratory of 
the University of South Carolina. The experimental set-up, instrumentation used and 
procedure followed to study the generalized model and the hydraulic model of the 17th 
Street Canal Breach are described in this chapter.  
 
3.1 The generalized model 
The experimental set-up for A generalized model was built by using marine plywood as 
shown in Fig. 3.1.  The main channel is 12.90 m long, 0.61 m wide and 0.3 m high.  The 
flooded area is 6.1 m long and 2.96 m wide and it is separated by the left bank of the 
main channel.  The model was built on a raised platform to allow the outflow from the 
flooded zone and to prevent backing up of the water into the model. Two axial pumps 
supplied the flow to the channel inlet. The discharges were measured by an 
electromagnetic flow meter in the pump delivery line. A number of valves were used to 
control the inlet discharge.  A honey comb was used at the canal entrance followed by a 
flow straightner to reduce the turbulence.  A wave suppressor was installed before the 
model inlet to reduce the waves and fluctuations on the water surface.  The sluice gate at 
the downstream end of the channel controls the outlet discharge.  A 16 MHz 3-
  
Figure 3.1. Schematic o
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f the generalized model set-up 
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3.2 Hydraulic model of the 17th Street Canal breach 
The hydraulic model study of the 17th Street Canal breach was conducted on 1:50 scale 
model. This model scale is selected to minimize the effects of viscosity and surface 
tension in the hydraulic model (Chanson 1999; Chaudhry et al. 2010). The flows in the 
model are studied by Froude Number similitude. All dimensions in this chapter refer to 
the laboratory model and the scales of Table 3.1 may be used to convert the model 
parameters to corresponding field values. The hydraulic model consists of the main 
channel that is 12.91 m long and 1.22 m wide, and the flooded urban area which is 
separated by the breached levee (Fig. 3.3).  The topographic data used to build the model 
was adopted from the final report, IPET of USACE (2007).  The flooded neighborhood 
and the building blocks were reproduced using the rectangle wooden blocks; the flooded 
area was built on a raised platform to allow outflow in all three direction to avoid backing 
up of the water level into the model.  
 
Table 3.1:  Scales used in the hydraulic model 
Parameter Scale = model/prototype Remarks 
Length/Width/Depth 1:50 Undistorted Model 
Discharge 1:17677.67 
Froude Similarity Velocity 1:√50 
Time 1:√50 
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entire flow to exit through the breach.  This is to simulate the dead end condition in the 
real canal (USACE 2007).   
 
An aerial view and schematic of the physical model are presented in Figs. 3.3 and 3.4. 
The bathymetry and topography of the breach area are accurately reproduced in the 
model (Fig. 3.5).  In particular, the significant erosion in the breached section and 
immediately downstream are incorporated in the model. According to the survey sections 
(USACE 2007; Sattar et al., 2008), the crest elevation of the breach had an average value 
of zero meters (0 ft).  The floodwalls had an average elevation of 3.65 m (12 ft) 
throughout the modeled canal section.  Digital photographs (USACE 2007) were used to 
determine the exact location and dimensions of the houses in the vicinity of the breach.  
The hydraulic model included a 570 m (1, 870 ft) section of the 17th Street Canal South 
of the Old Hammond Highway Bridge where the breach occurred and a small part of the 
neighborhood, 3.172 hectares (7.84 acres) in the vicinity of the breach where major 
flooding occurred.  The model was constructed of sealed plywood.  The plywood sheets 
in the channel and in the neighborhood were covered with two layers of thick plastic (3 
mm) to ensure waterproofing followed by one layer of metal wire mesh for strong 
bonding of the mixture used to construct the topography of the model.  The non-erodible 
topography of the canal, breach, and the flooded area were reproduced using a mixture of 
cement sand, and zonolite.  Irregular topography of the breach and the area in its vicinity 
were reproduced using plywood frames cut to the exact dimensions of the sections and 
moved over the specified section in the wet mixtures.  
 
  
Figure 3.4: P
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hysical model set-up 
  
  
 
Figure 3.5: A 3-D e
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3.3 Equipment 
The following equipment are used in the present experimental study. 
1. Accuostic Doppler Velocimeter for velocity; 
2. A high speed digital camera for the free surface velocity; 
3. Point gauge for the bed and water surface elevation; and ; 
4. Baumer for topography of dry-bed. 
A brief description of the equipments are presented below. 
 
3.3.1 Acoustic Doppler Velocimeter (ADV) 
The instantaneous velocity components are measured by using a 16-MHZ Sontek micro 
ADV (Sontek, 2001).  The instrument is highly advanced as compared to other velocity 
measurement devices, i.e propeller or mechanical gauge, electromagnetic current meter, 
hot films anemometer, Pitot tube and Hydrogen Bubble technique.  An ADV is useful for 
many different applications in hydraulics, coastal engineering and oceanography. The 
commonly used velocity measurement tools, such as mechanical or electromagnetic 
current meters measure only the 2-D velocity data, cause disturbance in the flow due to 
their relatively large size, and are not appropriate for capturing the fine turbulence scales 
due to their slow response (Sontek San Diego, 2001).   
ADV consists of a central circular transmitter surrounded by three equally spaced 
receivers (Fig. 3.6a). The sampling volume is located at the intersection of the transmitted 
and received beams, 5 cm from the probe. Therefore, the presence of probe does not 
distort the velocity measurement.  Velocity can be measured in any water containing 
21 
 
acoustic scatters, or scattering particles such as walnut shell powder (Kraus et al. 1994; 
Voulgaris et al. 1998; Chanson 2008).  For each sample, it records nine values: three  
velocity values (one for each component), three signal strength values (one for each 
receiver)  and three correlation values (one for each receiver).  Figure 3-6b shows the 16-
MHz cable ADV used in the present study. 
A windows interface, Horizon ADV was used to collect and save the raw data.  Post 
processing software, WinADV was utilized to analyze the raw data (Wahl 2000).  
WinADV provides routines for processing an entire ADV file or portions of ADV files 
defined by sampling windows to obtain average velocities, turbulence parameters, and 
aggregated measures of data quality. A single or collections of ADV file may be viewed 
and processed. Signal strength is accessed as signal-to-noise ratio (SNR), in dB.  SNR is 
derived from signal amplitude by subtracting the ambient noise level and converting to 
units of dB. The main function of the signal strength data is to verify that there is 
sufficient particulate matter in the water. If the water is too clear, the return signal may 
not be stronger than the ambient electronics noise level. As SNR decreases, the noise in 
ADV velocity measurements increases. For high-resolution measurements (e.g. sampling 
at 25 Hz), it is recommended to maintain SNR of at least 15 dB. The ADV correlation 
coefficient is a data quality parameter that is a direct output of Doppler velocity 
calculations. Correlation is expressed as a percentage.  Perfect correlation of 100  percent 
indicates reliable, low-noise velocity measurements; 0 percent correlation indicates the 
output velocity is dominated by noise (i.e., no coherent signal). 
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Correlation can be used to monitor data quality during collection and to edit data in post 
processing. Ideally, correlation values should be between 70 percent and 100 percent 
(Sontek San Diego, 2001). 
 
3.3.2 Digital Video Camera Recorder (DCR-SR47) 
Water surface velocity is measured by using Digital Particle Tracking Velocimetry (DPTV) 
technique (Elkholy 2009).   A video camera Sony-SR47 (60x optical / 2000x digital zoom) is 
used to measure the surface velocities (Fig. 3.7). A plastic ball (ID=1cm) is tracked by the 
video camera. The entire hydraulic model is painted in white and the balls are painted in 
black to easily identify and track. The balls are dropped at the entrance of the main channel 
and are collected by a mesh at the exit of the model. The camera is placed above the model at 
different locations to be able to track the motion of the balls in the entire model. Software 
based on DPTV technique is developed to track the motion of balls.  
 
3.3.3 Baumer UNAM30/130 Series     
Ultrasonic sensor baumer UNAM 30/130 (Fig. 3.8) is used for precise topography of dry-
bed.  Ultrasonic distance measuring sensor provides high-precision information on an 
absolute position of a target or moving object. The repeated accuracy is < 0.5 mm. 
(Wolfautomation, 2010).     
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3.3.4 Point Gauge 
A point gauge is used to measure bed and water surface elevations.  The moving rod is 
divided vertically, is anchored in the canal, provides a needle point, so that the magnitude 
of the rise and fall of the water level can be observed directly and is minimized the 
meniscus error.  It is graduated in millimeters, and vernier reads to one tenth of a 
millimeter (Fig. 3.9).   
 
 
Fig. 3.9: Point Gauge 
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3.4 Experimental Procedure 
A measurement grid was set up over a 5.59 m x 3.67 m of the model using nylon strings.  
The grid covered part of the canal, the breach where the dimension was 0.15 m x 2.85 m 
and the entire urban flooded area.  The datum was set on top of the floodwall at grid node 
(x0, y0) which is the origin of the grid.  Bed elevation was measured at each grid node 
using the Baumer.  The flows of 0.056, 0.075 and 0.094 m3/s were established using two 
axial flow pumps.  The measurements were taken after circulating the flow through the 
model for a period of one hour, corresponding to the steady flow passing through the 
breach during the long period of flooding.  The flow was strongly influenced by the 
topography showing large variation of the depth within the model.  The measurements 
include water level and velocity profiles.  The water surface elevation was measured for 
each flow at the grid crossings by using a point gauge. The distances between the 
neighboring measurement points are 0.15 m in the inner zone and 0.07 m near the 
boundary, respectively (Fig. 3.7).   
 
Vertical velocity profiles in the three Cartesian directions are measured with a 16-MHz 3- 
Component Sontek micro ADV (Sontek 2001) at a limited number of grid points as 
shown in Fig. 3.10.  Accurate velocity measurements using ADV require a minimum 
water depth of 6 cm, which occurs only in the canal and in some locations of the urban 
area for the given flow rates. Therefore, most of the available velocity profiles are in the 
main canal and in the eroded part of the flooded area near the breach. Furthermore, the 
measurement point is at least 0.5 cm above the bed, because the ADV probe uses a 
sampling volume located at a distance of 5 cm from the tip.  The probe was moved 
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Chapter 4 
STEADY FLOWS IN A LEVEE BREACH IN GENERALIZED MODEL1 
 
A generalized model describing the flow field due to steady flow in a breached levee is 
presented in this chapter. A generalized experimental set-up and an analytical model are 
used for the purpose. Dimensional analysis, results from the generalized breach 
experiments and results from the analytical model are presented in the following 
paragraphs.  
 
4.1 Dimensional analysis 
A dimensional analysis showing important parameters governing the flow in a breached 
levee is presented in this section. The flow is assumed to be steady. The flow in the main 
channel is divided due to the breach. The flow in the main channel from the inlet is 
divided and outflows at the outlet of the channel as well as through the breached levee. 
The flow field at the breach depends on the inflow conditions, outflow conditions and 
breach length. Thus, the following function may be written to represent the dependency 
of flow condition at the breach. 
 
f1(yB, QB, BB, B, Qi, Qo, yi, yo, C, g, So, ρ, μ) = 0     (4.1) 
                                                 
1 This chapter is based on the following collaborative research: 
Mohapatra, P. K., Riahi‐Nezhad, C. K., Chaudhry, M. H., and Imran, J. (2013). “Steady flow at a breached 
levee”, submitted to J. of Hydraulic Engineering, ASCE. 
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In Eq. 4.1, yB and QB are the flow depth and the discharge at breach; Qi and Qo are the 
discharges at the channel inlet and outlet; yi and yo are the flow depths at channel inlet 
and outlet; B, S0 and C are channel bed width, slope and roughness; BB is breach length; g 
is acceleration due togravity; and ρ and μ are density and viscosity of the fluid in the 
channel. For steady flow at the breached levee, continuity equation is satisfied, Qi = QB + 
Qo. Thus, one out of the three discharges may be omitted in Eq. 4.1. Considering water as 
the fluid in the channel, density, ρ, may be assumed to be constant. The case being an 
open channel flow, the effect of viscosity may be assumed to be negligible. The 
experiments in the present study are performed on a horizontal bed, therefore, So may 
also be neglected. Thus, Eq. 4.1 is simplified to 
f2(yB, QB, BB, B, Qi, yi, yo, C, g) = 0       (4.2) 
 
Equation 4.2 is written in non-dimensional form by applying the Buckingham Pi theorem 
(White 2008). 
f3(π1, π2, π3, π4, π5, π6, π7) = 0        (4.3) 
Different πs in Eq. 4.2 are given below: 
π1= ௬ಳ௬೔ ; π2 = 
ொಳ
ொ೔ ; π3 = 
஻ಳ
஻ ; π4 = 
ொ೔మ
௚஻మ௬೔య
; π5 = ௬೚௬೔; π6 =  C*; π7 = 
஻
௬೔                 (4.4) 
Note that, π4 is the inflow Froude Number and π6 is the non-dimensional bed roughness. 
 
4.2 Generalized experimental model 
Flow in a breached levee is studied experimentally by using the generalized model set-up 
described in Chapter 3 (see 3.1). Cases studied, calibration of flow through the 
downstream sluice gate and results are presented in the following sub-sections. 
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4.2.1 Cases studied 
Eleven cases are studied for different flow conditions in the breach flow by varying the 
inlet discharge, outlet discharge and breach lengths (Table 4.1). The inlet discharge is 
varied between 0.044 to 0.066 m3/s. The outlet discharge is controlled by the sluice gate 
opening at the downstream end. Three different breach lengths are tested.    
 
Table 4.1: Experimental runs in generalized model study 
Run 
Inlet 
discharge 
(m3/s) 
Gate 
opening at 
outlet (m) 
Inlet 
flow 
depth 
Outlet 
flow 
depth (m) 
Breach 
length 
(m) 
Remarks 
G1 0.057 0.020 0.137 0.142 0.61 Flow depth 
G2 0.057 0.025 0.135 0.138 0.61 Flow depth 
G3 0.057 0.030 0.133 0.135 0.61 Flow depth 
G4 0.06 0.020 0.146 0.148 0.61 Detailed 
G5 0.066 0.030 0.145 0.147 0.61 Detailed 
G6 0.044 0.020 0.142 0.144 0.35 Detailed 
G7 0.051 0.020 0.158 0.159 0.35 Flow depth 
G8 0.057 0.020 0.174 0.175 0.35 Detailed 
G9 0.044 0.030 0.138 0.137 0.20 Detailed 
G10 0.051 0.030 0.161 0.161 0.20 Flow depth 
G11 0.057 0.030 0.184 0.185 0.20 Detailed 
 
4.2.2 Calibration of the downstream sluice gate 
The discharge through the downstream sluice gate is calibrated with no breach in the 
main channel. The discharge in the channel is known by the supply of flow from the pipe. 
The known discharge is correlated with the flow depth upstream of the gate and the gate 
opening. The effective head is calculated by subtracting half of the gate opening from the 
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flow depth upstream of the sluice gate. The following equation is used to determine the 
coefficient of discharge. 
ܳ ൌ ܥௗሺ݃݋ሻܤඥ2݄݃         (4.5) 
 
Fifteen different runs are used to determine the Cd values which is correlated to the ratio 
of gate opening and flow depth upstream of gate, go/h. Calibration of Cd is shown in 
Table 4.2 and the variation of Cd with go/h is presented in Fig. 4.1. The fitted curve in 
Fig. 4.1 is 
 Cd = 0.7393+1.3042(go/h)-4.4801(go/h)2+4.357(go/h)3       (4.6) 
 
 
Equation 4.6 is with R2=0.9899. Performance of Eq. 4.6 is shown in the last column of 
Table 4.2 and in Fig. 4.2. The computed discharges match well with the measured 
discharges for the flow under the sluice gate. Equations 4.5 and 4.6 are used in the 
generalized model set-up to estimate the outlet discharge in the main channel. 
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Table 4.2: Calibration of Cd for downstream sluice gate 
Runs 
Gate 
opening, 
go (m) 
Flow 
depth at 
gate, h 
(m) 
Measured 
discharge, 
QM (m3/s) 
go/h Cd  
(from Eq. 4.5) 
SG 1 0.015 0.160 0.012 0.094 0.862 
SG 2 0.020 0.168 0.017 0.119 0.850 
SG 3 0.035 0.098 0.024 0.357 0.835 
SG 4 0.020 0.258 0.024 0.077 0.834 
SG 5 0.035 0.139 0.028 0.251 0.833 
SG 6 0.035 0.195 0.034 0.179 0.919 
SG 7 0.050 0.110 0.034 0.454 0.910 
SG 8 0.050 0.145 0.041 0.344 0.904 
SG 9 0.035 0.240 0.041 0.145 0.890 
SG 10 0.050 0.180 0.047 0.277 0.881 
SG 11 0.040 0.115 0.031 0.347 0.916 
SG 12 0.040 0.120 0.032 0.333 0.915 
SG 13 0.035 0.165 0.034 0.212 0.914 
SG 14 0.030 0.240 0.035 0.125 0.913 
SG 15 0.035 0.190 0.037 0.184 0.910 
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Fig. 4.1 Variation of Cd with go/h 
 
 
 
 
 
Fig. 4.2 Validation of Cd for the downstream sluice gate 
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Table 4.3: Validation of Cd for downstream sluice gate 
Runs 
Gate 
opening, 
go (m) 
Flow 
depth at 
gate, h 
(m) 
Measured 
discharge, 
QM (m3/s) 
go/h Cd  
(from Eq. 4.6) 
Computed 
discharge, 
QC (m3/s) 
SG16 0.015 0.160 0.012 0.093 0.825 0.013 
SG17 0.020 0.168 0.017 0.119 0.838 0.018 
SG18 0.035 0.098 0.023 0.357 0.832 0.024 
SG19 0.020 0.258 0.023 0.077 0.815 0.022 
SG20 0.035 0.139 0.028 0.251 0.853 0.030 
SG21 0.035 0.195 0.034 0.179 0.854 0.035 
SG22 0.050 0.110 0.034 0.454 0.815 0.036 
SG23 0.050 0.145 0.041 0.344 0.834 0.042 
SG24 0.035 0.240 0.041 0.145 0.847 0.039 
SG25 0.050 0.180 0.047 0.277 0.849 0.048 
SG26 0.040 0.115 0.031 0.347 0.834 0.030 
SG27 0.040 0.120 0.032 0.333 0.837 0.031 
SG28 0.035 0.165 0.034 0.212 0.855 0.032 
SG29 0.030 0.240 0.035 0.125 0.840 0.033 
SG30 0.035 0.190 0.037 0.184 0.854 0.035 
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4.2.3 Flow field 
Results for the velocity field, water surface profile, turbulent kinetic energy and bed shear 
stress from the generalized experimental model (Case G4) are presented in this section. 
Results for other cases are presented in Appendix – 2. 
 
The velocity field as measured in Case G4 are presented in Fig. 4.3. The indicated surface 
velocities are measured by a camera, all other velocities are measured by ADV. Velocity 
distribution along grid line Y1 indicates that the longitudinal velocity (Vx) is prominent 
and the lateral velocity (Vy)  is almost negligible (Fig. 4.3 a). Thus, the velocity is one-
dimensional. velocity is primarily one dimensional and the maximum velocity of 0.81 
m/s is observed at 2.74 m  from the inlet. Velocity distribution along Y2 also indicates 
the same trend (Fig. 4.3 b), the maximum velocity being marginally higher (0.89 m/s). 
The lateral velocity is marginally higher near the breach. Velocity distribution along Y3 
indicates strong lateral velocity near the breach. The maximum lateral velocity is 0.75 
m/s and it occurs on the breach. The flow becomes one-dimensional downstream of the 
breach. The flow is three-dimensional near the breach. Vertical velocity at two locations 
on the breach is shown in Figs. 4.3 (d) and 4.3 (e). The velocity vectors (for averaged 
velocities) are indicated in Fig. 4.4. As expected, the flow is divided into two parts: one 
part exits through the breach and the other part through the outlet in the main channel. In 
addition, a small localized recirculation zone is observed near the right bank downstream 
of the breach. Thus, the entire set-up has three different flow zones: (a) One-dimensional 
flow near the inlet and outlet of the main channel; (b) Three-dimensional turbulent flow 
near breach having strong lateral velocities; and (c) Flow in the flooded zone outside the 
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main channel. The present study is limited to the first two flow zones. Froude number is 
computed using the depth averaged velocities and the flow depth at grid points. Mapping 
of the Froude Number in the main channel shows that the flow is subcritical in the 
channel. However, there is an increase in the Froude Number as the flow approaches the 
breach. Critical flow condition exists in a small location at the breach before the flow is 
exposed to the vast area of the flooded zone (Fig. 4.5).  
 
Contours of the water flow depths are presented in Fig. 4.6. The water surface slope 
along the longitudinal direction is mild. However, the water surface has steep slope near 
the breach, both in the longitudinal and lateral directions, due to the presence of a 
depression in the bottom. Variation of the flow depth along the left bank shows a dip 
(approximately 6 cm) in the water surface near the breach (Fig. 4.7). Note that the breach 
is from 2.89 m to 3.50 m (distance from inlet). This region (point of lowest flow depth) is 
also with the critical flow condition. This depression zone is also indicated in the 
photograph for the water surface near the breach (Fig. 4.8). 
 
Variations of the turbulent kinetic energy and the bed shear stress are presented in Figs. 
4.9 and 4.10, respectively. Procedures to compute turbulent kinetic energy and bed shear 
stress from the measured velocities are described elsewhere in this dissertation (see 
Sections 5.7 and 5.8). Variation of TKE along Y1, Y2 and Y3 are presented separately. 
Higher values of TKE near the breach indicate there is high degree of turbulence in the 
flow near the breach. As the flow passes through the breach, there are fluctuations in the 
velocity and water surface. This may be treated as an indicator for the impact the breach 
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flow may have on the nearby structures. In addition, TKE may be used to select proper 
breach closure procedures. Note that the breached levee has to be closed in order to make 
the flow limited to the main channel. 
The bed shear stress attained in the channel is small. However, it attains a very high value 
(approximately 7 N/m2) near the breach. This is also an indication that this region is 
prone to scour. A regular phenomenon in the real-life levee breach flows is the formation 
of a lake just outside the breach. This may be attributed to the high value of bed shear 
stress.  
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(a) Along Y1 
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(b) Along Y2 
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(c) Along Y3 
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 (d) Vertical velocity (Vz) at X21-Y4 
 
(e) Vertical velocity (Vz) at X23-Y4 
 
Fig. 4.3 Measured results for velocity distribution (Case G4)  
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Fig. 4.8 Variation of flow depth along breach (Case G4) 
 
 
 
 
 
Fig. 4.9 Photograph of water surface profile near breach (Case G4) 
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Fig. 4.10 (a) Distribution of TKE Along Y1 (Case G4) 
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Fig. 4.10 (b) Distribution of TKE Along Y2 (Case G4) 
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Fig. 4.10 (c) Distribution of TKE Along Y3 (Case G4) 
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Fig. 4.11 Variation of bed shear stress along the breach 
 
 
As observed in the several experiments for the generalized breach flow, the flow field 
near the breach is influenced by the inflow and outflow in the main channel and the 
breach length. The breach flow conditions may be used for engineering applications, such 
as identifying the flood inundation area and closure of the breach.  
 
An analytical model is presented in the following section, to understand the general 
characteristics of breach flow.  
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4.3 Generalized analytical model 
The flow field near the breach in steady flow past a breached levee is complicated. The 
definition sketch for steady flow at a breached levee is presented in Fig. 4.3. The 
analytical procedure adopted here is similar to that presented by Shabayek et al. (1999) 
for dividing flows in open channel junctions. 
 
Fig. 4.12 Steady flow at a breached levee 
 
The flow regime is divided into two parts: i.e., one part going through the channel outlet 
and the other through the breach.  The flow width at section 1-1 is divided proportional to 
the discharge ratios. Thus, width B1 is divided in to ξ.B1 and (1- ξ).B1 where, ξ is the 
discharge ratio (Q2/Q1).   Two control volumes, one between sections 1 and 2 and the 
other between sections 1 and 3 are used to analyze the flow. 
Continuity equation 
321 Q Q  Q                                                                                                                    (4.7) 
52 
 
Applying Reynolds Transport Theorem between sections 1 and 3, the momentum 
equation is written as 
 
       L y -1B
*C
V - -1B-B
2
yyBy
2
1- -1By
2
1VQ -VQ 
1112
2
1
13
2
31
3
2
31
2
11333



 

 ggg
                           (4.8) 
Similarly, the momentum equation for the control volume between sections 1 and 2 is 
     L y B
*C
V - B-By
2
1By
2
1- By
2
1VQ -VQ 2112
2
1
12
2
12
2
21
2
11222   gggK    (4.9) 
Note that L1 and L2 are the lengths of the control volumes of part 1 and 2, respectively, 
C* is the non-dimensional bed roughness coefficient and K is a correction factor due to 
streamline curvature at section 2-2. Note that C* and K are the model parameters and 
have to be calibrated. 
Eqs. 4.8 and 4.9 may be written in non-dimensional form by using the terms defined in 
Eq. 4.10 and Eq. 4.7,  
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Considering all the non-dimensional terms, ξ and ɳ2 are unknowns. Eqs. 4.11 and 4.12 
are solved for ξ and ɳ2 for the known values of the other non-dimensional parameters. 
However, the model parameters, C* and K are to be calibrated. 
In the present study, the generalized experimental set-up is used for 11 different runs to 
estimate C* and K. This is presented in subsection 4.3.2. 
 
4.3.1 Special cases 
The channel width of the main channel is constant in the present experimental set-up. 
Thus, Eq. 4.11 may be further simplified by using ω3 = 1. 
            1 -1a
C
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2
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                (4.13) 
Similarly, when the outlet discharge is zero, the condition ξ = 1 leads to 
   0
C
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Eq. 4.15 may further be simplified by assuming the breach length equal to the channel 
width. 
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The downstream gate may be controlled such that y3 = y1, i.e., η3 = 1. Thus, Eq. 4.13 
becomes 
  )17.4(0
C
2 
8F
12- 1 2*2
1
2* 


 
C
a
 
 
4.3.2 Model parameters  
K and C* are the model parameters used in Eqs. 4.11 and 4.12. K is the correction factor 
for streamline curvature at section 2 and C* is a measure of the bed roughness. These 
parameters are estimated by utilizing the measurements of several experiments. 
 
Consider Eqs. 4.11 and 4.12. C* can be computed knowing all other parameters in Eq. 
4.11. Eq. 4.12 can be used to solve for K by using the known parameters including C*. 
The 11 cases used to estimate C* and K are presented in Table 4.3. Note that all other 
entries (except the entries in last two columns) are based on the experimental 
observations. 
 
The channel bed roughness is assumed to be constant as the flow conditions are almost 
similar. Thus, an average value of C*=5.12 is obtained for the present study. However, K 
may be different as the streamline curvatures are different for different flow conditions. 
In this study, it is assumed that K is dependent on the breach length and the breach 
discharge. Thus, a regression analysis is used to correlate K with ω2 and ξ. Based on the 
present set of observations, the following empirical relations are obtained. 
K = αξβ          (4.18) 
ߙ ൌ െ2.0273 ∗ ߱ଶଶ ൅ 4.2102߱ଶ െ 1.0477      (4.19) 
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ߚ ൌ െ6.7525߱ଶଶ ൅ 11.037߱ଶ െ 5.385      (4.20) 
 
Based on the calibrated values of C* (= 5.12) and K (Eqs. 4.18 – 4.20), Eqs. 4.11 and 
4.12 are used to predict the flow condition at the breach (ξ and η2). The predicted and the 
measured values are compared in Figs. 4.10 and 4.11. Prediction of the flow depth 
(maximum error is approximately 12 %) is better as compared to that for discharge 
(maximum error is approximately 28 %). The discharge is over-predicted for the 
discharge ratios higher than 0.75.  
Table 4.4 Calibration of C* and K (ξ < 1.0) 
Case 
Q1 
(m3/s) 
Q2 
(m3/s) 
Q3 
(m3/s) 
F1 ξ η2 η3 ω2 a C* K 
G1 0.057 0.040 0.017 0.588 0.698 0.667 1.036 1.000 4.453 5.710 1.710
G2 0.057 0.036 0.021 0.601 0.623 0.653 1.026 1.000 4.519 5.357 1.934
G3 0.057 0.032 0.025 0.615 0.553 0.638 1.015 1.000 4.586 5.253 2.255
G4 0.06 0.043 0.017 0.563 0.709 0.705 1.014 1.000 4.178 4.970 1.657
G5 0.066 0.039 0.027 0.626 0.597 0.710 1.014 1.000 4.207 4.975 1.887
G6 0.044 0.027 0.017 0.430 0.606 0.758 1.014 0.574 4.296 5.360 1.331
G7 0.0505 0.032 0.018 0.421 0.641 0.766 1.009 0.574 3.861 4.950 1.229
G8 0.057 0.038 0.019 0.409 0.668 0.772 1.006 0.574 3.506 4.658 1.175
G9 0.044 0.018 0.026 0.449 0.416 0.742 0.992 0.328 4.417 5.135 0.999
G10 0.0505 0.023 0.028 0.409 0.449 0.862 1.000 0.328 3.788 4.980 0.882
G11 0.057 0.027 0.030 0.378 0.475 0.951 1.005 0.328 3.315 4.971 0.714
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Fig. 4.13 Discharge ratio at the breach 
 
 
 
 
 
 
Fig. 4.14 Depth ratio at breach 
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Calibration of K for ξ = 1 
 All cases considered above are with ξ < 1. However, ξ = 1, if there is no discharge at the 
downstream end of the channel. Thus, K for this case depends on the breach length only. 
Average values of K for each breach size are obtained from 6 different experiments with 
ξ = 1 (Table 4.4) and the following equation is established by fitting a curve by least 
square error method. 
 
 K = -0.1065 + 2.1097 ω2 -0.5131 ω22      (4.21) 
 
Table 4.5 Calibration of K (ξ = 1.0) 
Case 
Q1 
(m3/s) 
F1 η2 η3 ω2 a K 
G12 0.063  0.439  0.798  0.983  1.0000  3.427  1.44 
G13 0.057  0.429  0.745  0.988  1.0000  3.609  1.54 
G14 0.050  0.291  0.868  1.024  0.5738  3.019  0.88 
G15 0.044  0.280  0.822  1.010  0.5738  3.227  0.99 
G16 0.031  0.175  0.887  1.000  0.3279  2.946  0.61 
G17 0.037  0.185  0.950  1.008  0.3279  2.711  0.45 
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4.3.3 Computation to estimate breach flow 
The breach flow may be estimated as follows: 
1. Measure the channel width, flow depth and discharge at a section upstream of the 
breach, the channel width and flow depth at a section downstream of breach and the 
breach length.  
2. Calculate all non-dimensional parameters excluding ξ and η2 as defined in Eq. 4.10.  
3. Solve Eq. 4.11 for ξ. and C* = 5.12. 
4. From Eqs. 1.18 through 4.20, obtain K.  
5. Solve Eq. 4.12 for η2.  
 
4.3.4 Remarks 
The generalized model (Eqs. 4.11 and 4.12) may be used to predict the flow conditions at 
the breach. However, the assumption that the flow is divided into two parts in the breach 
region is a simplified one. As observed in the experiments, there is a lot of turbulence in 
his zone. In addition, the interface between these two zones of flows is not stable even 
though the flow is steady. The generalized model predicts a single value of flow depth at 
the breach. However, experiments show that the flow depth has undulations along the 
breach. First, it decreases till it attains a minimum value and then it increases. Similarly, 
the velocity along the breach varies. However, the predictions by using Eqs. 4.11 and 
4.12 may be used in real life applications. For example, the predicted velocity at a breach 
may be used with a factor of safety to determine the maximum velocity at the breach, 
which may be utilized to develop procedures for closure. Similarly, the predicted breach 
discharge may be used to estimate the inundation area due to a breach. C* and K values 
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may be calibrated if past events of breach flow are available. In the absence of any data, 
C* may be estimated based on the channel bed material. K may be estimated by using 
Eqs. 4.18 – 4.20.   
 
A generalized analytical model has been presented in this chapter. The model parameters 
are estimated by using the experimental results. A case study for the levee breach flow is 
presented in the next chapter.  
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Chapter 5 
17th STREET CANAL BREACH – A CASE STUDY 
 
The 17th Street Canal Breach is used as a case study to understand the performance of the 
generalized model for the steady flow at a breached levee presented in the previous 
chapter. The experimental set-up for the case study is presented in chapter 3.  
 
The cases considered for the hydraulic model study of the 17th Street Canal Breach are 
listed first. The details of the measured velocity field and water surface profile are then 
discussed. In addition, results showing the effect of inflow and nearby structures on the 
flow field are included. Turbulent characteristics of the flow are presented through the 
turbulent kinetic energy (TKE) and bed shear stress. Results from the detailed 
experiments are compared against results obtained from the generalized model developed 
in chapter 4. 
 
5.1 Cases considered 
Six sets of experiments are conducted in the present study. Three different inflow 
discharges (0.057 m3/s, 0.075 m3/s and 0.095 m3/s) are considered. The study also takes 
into account the effect of the structures in the flood plain on the flow field. Note that the 
breach size, bed topography and the downstream condition (zero flow) are as per the field 
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values and are kept constant in all the runs. Steady flow condition on rigid bed is 
maintained in the present study. 
 
Table 5.1 Cases considered in the 17th Street Canal Breach 
Case No. Inflow (m3/s) Flood-plain condition 
1 0.057 Structures 
2 0.057 No structures 
3 0.075 Structures 
4 0.075 No structures 
5 0.095 Structures 
6 0.095 No structures 
 
5.2 Uncertainty 
The velocity and the water depth measurements are verified for uncertainty. The 
velocities measured by two different instruments (UVP and ADV) indicates matching 
each other.  However, all velocity measurements in the present work are performed by 
using the ADV. Repeatability of the x- and y-components of the measured velocities at 
three grid points (X10-Y5; X24-Y5; and X24-Y12) for case 1 is presented in Fig. 5.1. 
Measurements from two different runs indicate that the maximum differences in the 
velocities along x- and y-directions are approximately six percent and two percent, 
respectively.  Repeatability of measured flow depth for case 1 indicates the maximum 
difference between the measured values is less than 0.1 percent (Fig. 5.2).  Thus, the 
repeatability for the present set of measurements is considered acceptable.  The measured 
velocities and flow depths are used for further analysis.   
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zone is described as 3-D turbulent flow with the presence of standing waves and 
fluctuations.  Prominent vertical-component of the velocity and significant turbulent 
kinetic energy are discussed elsewhere.  The velocity measurements in this zone are less 
precise than elsewhere due to turbidity and fluctuations. The flow in the flooded urban 
area is characterized by shallow water depth.  The presence of houses obstructs the flow 
and causes significant variations in the flow direction.  The flow is considered as 2-D 
flow in this region.  Velocity measurements are taken at limited locations in this zone due 
to the shallow water depths.   
 
Results for the velocity field, water surface profile , turbulent kinetic energy and bed 
shear stress for Case 1 are presented in the following sections. Results for other cases are 
presented in Appendix 3. 
 
5.4 Velocity field 
The velocity field for Case 1 is presented in Figs. 5.4 through 5.7. The variation of X- 
and Y- components of velocities along the main channel as a function of depth is 
presented in Figs. 5.4 through 5.6. The velocity distribution at the inlet indicates that the 
X-component of the velocity is prominent and thus, the flow is one-dimensional. The 
maximum velocity in this zone is 52.2 cm/s and it occurs at grid point X5-Y4.  The 
positive X-velocity along Y7 (Fig. 5.6) and the negative X-velocity along Y3 (Fig. 5.4) 
show that the recirculating flow zone on the downstream side is clockwise. This is due to 
the closed gate at the downstream end of the channel. Considering the velocity field 
along Y3, the X-velocity decreases and Y-velocity increases as the flow progresses 
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(b) Y-velocity 
 
 Fig. 5.7 Measured velocities along X24 (case 1) 
The maximum Y-velocity in this zone is 22.2 cm/s and it occurs at the X26-Y7. The 
velocity field in the lateral direction (along X24) is shown in Fig. 5.7. The X-velocity 
decreases significantly beyond the breach. However, the y-velocity is significant outside 
the breach. The magnitude of the maximum Y-velocity is 50 cm/s and it is even higher 
than the maximum velocity in the main channel. The indicated water surface velocities in 
Figs. 5.4-5.7 are obtained from the camera. The locations of these velocities also indicate 
the water surface. 
 
The flow is three dimensional in the breach region and is with high degree of turbulence. 
As shown in Fig. 5.8, the z-velocity is significant only in the breach region and it is 
negligible beyond it. Majority of the z-velocity values are positive, indicating that the 
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velocity is in the upward direction. This may be attributed to the undulations (ditch) on 
the bed. When flow impacts the lowered bed, there is an upward velocity. However, 
negative (downward) z-velocity also occurs when the flow enters into the ditch (Fig. 5.8 
a). The maximum upward and downward vertical velocities are 3.5 cm/s and 1.60 cm/s, 
respectively. Note that the velocity on the water surface cannot be measured by the 
camera. The dashes (-) in Fig. 5.8 indicate the water surface location. Variation of the 
depth averaged velocities for case 1 is presented in Fig. 5.9. Different hydraulic zones 
described earlier may be identified from the velocity vectors. The discharge from the inlet 
is passing through the breach. However, a recirculating zone is created in the main 
channel, downstream of the breach. Net discharge across the channel in this zone is zero. 
A map showing the contours of Froude Numbers for case 1 indicates that the flow is 
subcritical in the entire domain. The observed maximum Froude Number is 0.6 and 
occurs near the upstream of the breached section (Fig. 5.10). 
 
(a) Along Y6 
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(b) Along Y7 
Fig. 5.8 Measured Z-velocities (case 1) 
  
 
 
 
Fig. 5.9 Depth averaged
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 velocities in the channel (case 1) 
 
  
 
Fig. 5.10 Froude 
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Numbers variation (case 1) 
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5.5 Water surface profile 
The contours of the measured flow depths in the main channel and in the flooding zone 
for Case 1 are presented in Fig. 5.11. The maximum flow depth is 15.9 cm and it occurs 
at X28-Y5. Although, the flow depths vary in the longitudinal direction, the water surface 
is more like a horizontal line along Y3).  However, as expected, close to the breach, the 
water surface is deformed.  There is a dip of about 3 cm near the breach.  The maximum 
water surface slopes in the longitudinal and lateral directions are 0.01 and 0.1, 
respectively. The presence of the ditches in the model is indicated by the higher flow 
depths and closely spaced contours of flow depths. The inundation in the flood-plain 
indicates that the structures located downstream of the breach are subjected to more 
impact due to flooding. Note that the present study assumes a rigid bed model, and the 
bed topography has been adopted from USACE (2007). The ditches formed on the bed by 
flow velocity due to the breaching affect.  
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Fig. 5.11 Contours of flow depth (case 1) 
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5.6 Turbulent Kinetic Energy 
The experimental data can be used to identify the mechanism of production of turbulent 
kinetic energy (TKE) in divided open channel flow past a breached levee. TKE is 
calculated from the acoustic Doppler velocimeter (ADV) data, since the ADV provides 
time series of the three components of velocity fluctuations. Consider the instantaneous 
x-component of velocity, U, as the sum of an average value U and a fluctuating part 'u
such that 'uUU  . The mean of these turbulent fluctuations is zero. Thus, the mean-
square value may be used as a measure of the magnitude of the turbulence. The variance 
of the fluctuating part is denoted as 2u  . Using similar notations for the y- and z- 
components of the measured velocities (V and W) in the flow, turbulent kinetic energy is 
calculated as the sum of the mean square of velocity fluctuations and is defined as  
K =     )'''(
2
1 222 wvu             (5.1)  
The instantaneous velocity data contain the influence of local turbulence as well as large 
scale unsteadiness within the flow. Therefore, a despiking analysis is adopted and the low 
frequency fluctuations are filtered out to ascertain the exact level of turbulence at a given 
point. It results in an accurate representation of fine-grained turbulence. The spatial 
distribution of the turbulent kinetic energy K is presented in Fig. 5.12. It is evident that a 
maximum in K occurs in the turbulence production region and is located close to the 
breach location. Note that the TKE is significant at locations close to breach (3 m – 5.5 m 
from the inlet). The maximum TKE at this location is 109 cm2/s2.  As expected, the TKE 
at the other locations is insignificant. The ditch at X27-Y7 may be cause of higher TKE 
at that location. 
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5.7 Bed shear stress 
 
Commonly employed techniques to estimate bed shear stress include: (1) Law of the 
Wall technique, (2) Reynolds stress measurement, (3) TKE measurement, and (4) Energy 
dissipation methods. The assumptions and limits of these four techniques have been 
reviewed by Kim et al. (2000). The authors concluded that the TKE approach is 
consistent and relatively easy to estimate the bed shear stress when compared to others. 
Simple relationships between the TKE and bed shear stress have been formulated in 
turbulence models (Galperin et al. 1988). Further studies have shown that the ratio of 
TKE to bed shear stress is constant (Stapleton and Huntley 1995). In the present work, 
the bed shear stress is estimated by following the method suggested by Song and Chiew 
(2001). The description of method follows.   
 
The shear stress at various depths above the bed is calculated by using the equation 
           (5.2) 
 
The shear stress as a function of flow depth is plotted and a straight line is fitted by 
regression. The extrapolated value of shear stress at the bed (z = 0) is obtained from the 
regression equation.  
 
The variation of bed shear stress for case 1 is presented in Fig. 5.13. The maximum value 
of 1.0 N/m2 is observed near the downstream side of the breach. The formation of the 
ditch at this location may be due to the high value of bed shear stress associated with the 
flow.  
2) ''(2) ''(2)''(D-3 wvvuwu  
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5.8 Effect of inlet discharge 
 
Three different inlet discharges (0.056, 0.075, and 0.095 m3/s) are used in the present 
study (Table 5.1). The trends of the velocity distribution and free surface profile are 
similar for all the discharges. The results for velocity (Fig. 5.10) and flow depth (Figs. 
5.11 and 5.12) showing the effect of inlet discharge are presented. Velocities at two 
different locations (one away from the breach and the other near the breach) indicate that 
the velocity increases with increase in the inlet discharge. However, this increase in the 
velocity near the breach is a function of the depth due to the higher degree of turbulence 
in the breach region. The results for inlet discharge of 0.095 m3/s shows that the increase 
in the velocity is towards the free surface and not near the bed. The water surface 
elevation in the lateral direction shows that the water surface decreases significantly near 
the breach (Fig. 5.11). The water flow depth increases due to increase in the inlet 
discharge. Similar trends are followed for all discharges. There is sharp curvature in the 
water surface for all discharges. The variation of water surface in the longitudinal 
direction shows that there is increase in water depth due to increase in the inlet discharge. 
Although the trend is similar for all discharges, the dip near the breach is more for an 
inlet discharge of 0.095 m3/s. The role of the bed topography in the attained water surface 
elevation seems to be important.     
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5.9 Effect of structures from flood-plain 
The outflow of the main channel through the breach impacts the structures located in 
these areas and the propagation of the flood wave is influenced by the local topography 
including these structures. Results for the flow depth with and without the structures are 
presented in Fig. 5.13. There is no effect of the structures on the flow field in the main 
channel. However, the flow in the flooded zone is influenced by the structures. The 
structures act like obstacles and thus, the flow area is less reduced. This results in 
decrease in velocity and increased flow depth near the structures. The flow depth in the 
flooded zone decreases significantly in the absence of the structures. Thus, the velocity 
could not be measured at these grid points by using ADV. The wave like water surface in 
case 6 has been observed in repeated experiments. This may be due to the formation of 
vortices at high discharge and irregular bed topography.    
 
The next section describes the hydraulics of steady flow at the breach by using a 
generalized modeling approach. 
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5.10 Prediction by the generalized model 
The generalized model developed in Chapter 4 is applied to predict the results for the 
case study, i.e. 17th Street Canal breach. The data for the generalized model as given in 
Table 5.2 is used for the purpose. The three cases (refer Table 5.1) with the structure in 
the flood plain are considered. Equations 4.11 and 4.12 are used to compute the flow 
depth at the breach. Note that 17th Street canal breach had a closed downstream end in the 
main channel, thus, ξ = 1. The K value is obtained by using Eq. 4.21. 
 
Table 5.2: Prediction of the 17th Street Canal Breach by the generalized model 
Model parameter Case 1 Case 3 Case 5 
Q1 (m3/s) 0.057 0.075 0.094 
F1 0.28 0.32 0.40 
y1 (m) 0.142 0.155 0.162 
y3 (m) 0.132 0.143 0.153 
η3 (m/m) 0.92 0.93 0.95 
ω2 (m/m) 2.34 2.34 2.34 
ω3 (m/m)  1 1 1 
a (m/m)  8.45 7.74 7.40 
C*  5.12 5.12 5.12 
K  2.07 2.07 2.07 
η2 0.945 0.933 0.894 
Predicted y2 (m) 0.134 0.145 0.145 
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Fig. 5.18 Comparison of flow depth along the breach for Case 1 
 
Fig. 5.19 Comparison of flow depth along the breach for Case 3 
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Fig. 5.20 Comparison of flow depth along the breach for Case 5 
 
The non-dimensional flow depths at the breach computed by using the analytical model 
are 0.945, 0.933 and 0.894, for Cases 1, 3 and 5, respectively. A comparison of the 
detailed measurements and the approximate results from the analytical model indicates 
that the average flow depth at the breach is over-predicted by 70.0 percent, 
approximately. However, the water surface elevations with respect to the deepest bed 
level as shown in Figs. 5.18, 5.19 and 5.20, indicate that it is over-predicted by 7 percent, 
approximately. The difference in the results may be attributed to the undulations on the 
channel bed. Note that the channel cross-section is trapezoidal and there are several 
ditches on the bed.  
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5.11 Numerical simulations 
The 17th Street Canal breach is simulated by the widely used computational fluid 
dynamics (CFD) software FLUENT 6.3.26 (FLUENT 2006). The three-dimensional 
RANS equations for incompressible fluid flow for open channel flows are used. Three-
dimensional, steady, pressure based solver with absolute velocity formulation and cell 
based gradient option are chosen as the numerical scheme. In addition, the volume of 
fluid (VOF) approach for tracking the free surface and the K- turbulence model are 
applied. The horizontal grid spacing is 0.02 m and the vertical grid is 0.005 m at the 
bottom and exponentially increases till 1.2. Details of the solution technique are given in 
FLUENT (2006).  
 
Results for the water surface profile and the velocity distribution are presented in Figs. 
5.21 and 5.22, respectively. The over-all match between the simulated and the 
experimental results is satisfactory. The water surface profiles along the longitudinal 
(Fig. 5.21a) and lateral direction (Fig. 5.21b) show that the numerical simulations over-
predict the flow depth, marginally. The simulated velocity field indicates that the match 
is not that good near the bed, for few locations. Note that the ‘Law of the Wall’ is 
imposed by FLUENT while the ADV cannot be used very near the bed. In addition, high 
undulations on the channel bed may have contributed to this difference.  
 
 Main conclusions of the present dissertation are presented in the next chapter. 
 
                                                 
 This work is based on the following collaborative research:  
Riahi‐Nezhad, C. K., Reddy, H. P., Mohapatra, P. K., Chaudhry, M. H., and Imran, J. (2013). “Simulation of 
the 17th Street Canal Breach by a CFD approach”, under preparation.  
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(a) X – velocity 
 
(b) Y - velocity 
Fig. 5.22 Numerical and experimental velocity distribution (Case 1) 
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Chapter 6 
SUMMARY AND CONCLUSIONS 
 
6.1 Summary 
Steady flow past a breached levee (SFBL) was studied in this dissertation through a 
generalized model and a case study. The generalized experimental set-up consisted of a 
main channel with an opening on its side wall and an adjustable sluice gate on its 
downstream end. Water surface elevation and the three-dimensional velocity field under 
the free surface were measured by a point gauge and an Acoustic Doppler Velocimeter 
(ADV), respectively. The ADV data were filtered before analysis. Eleven different flow 
conditions were considered. Time-averaged measured values of velocity field, and free 
surface elevation were presented. In addition, Froude Number, turbulent kinetic energy 
(TKE) and bed shear stress were computed from the measured parameters. A generalized 
analytical model was developed for SFBL by assuming that the inflow to the channel is 
divided into two separate zones of flow, one going out through the channel outlet and the 
other through the breach. The analytical model predicts the approximate flow depth and 
velocity at the breach from the known flow depths at inlet and outlet discharge at inlet, 
channel widths and breach length. The model parameters were estimated utilizing the 
experimental results. Simplified equations were also obtained for special cases such as 
(i)no flow at the channel outlet, (ii)breach length equal to channel width and (iii)equal 
flow depths at channel inlet and outlet. The 17
th
 Street Canal breach was used as a 
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case study for SFBL. Detailed measurements of the flow field for six different flow 
conditions were performed on a 1:50 scale hydraulic model. The model used the actual 
topography of the channel bed and the area beside the breach, including the structures. 
Results included velocities, surface profiles, turbulent kinetic energy and bed shear stress. 
Effects of inlet discharge and nearby structures on the flow field were presented. The 
generalized analytical model was also used to predict the approximate flow depth and 
velocity at the breach for the 17
th
 Street Canal breach and results obtained from the 
detailed measurements and from the analytical model were compared. 
 
6.2 Conclusions 
The main conclusions of the present study are presented in the following three parts. 
 
6.2.1 Generalized experimental model 
1. Flow is one dimensional at the channel inlet and outlet and it is three dimensional 
at the breach. Using the inlet velocity as the scale, the recorded maximum non-
dimensional velocity in the breach varies from 1.25 to 2.16 for the cases 
considered in the present study. 
2. There is a zone of depression on the water surface levels. The size of this zone is 
less than half of the breach length. The flow depth along the breach first decreases 
and attains a minimum value and then increases. The minimum breach flow depth 
varies from 49 percent to 79 percent of the flow depth at channel inlet.  
3. The Froude Number map shows the flow tends to attain critical condition at 
breach.  
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4. The maximum bed shear stress occurs in a zone near the breach including a small 
part of the channel.  This zone is prone to scour.  
5. The maximum turbulent kinetic energy exists near the breach and it indicates a 
high degree of turbulence in the region.  
 
6.2.2 Generalized analytical model 
1. The estimated model parameters are C* = 5.12 and the correction factor for the 
stream-line curvature, K, depends on the breach length and breach discharge ratio. 
2. The analytical model is easy to use and predicts only approximate values for the 
flow depth and discharge at the breach. 
3. The predicted flow depths at the breach are more accurate than the predicted 
breach discharges. 
4. The analytical model over-predicts the breach discharges when it is more than 70 
percent of the discharge at the inlet. 
5. Predicted non-dimensional breach flow depth ranges from 0.74 to 0.94 of the 
inflow water depth for the cases considered in this study.  
 
6.2.3 17th Street Canal Breach 
1. Flow is one dimensional at the channel inlet, becomes two dimensional as it 
approaches the breach and is three dimensional in the breach. There is a 
recirculation zone downstream of the breach due to the zero flow condition at the 
channel outlet. 
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6. Using the inlet velocity as the scale, the recorded maximum non-dimensional 
velocity in the breach is observed to be from 1.3 to 1.5.  
7. There is a zone of depression on the water surface levels near to the breach. The 
maximum water surface slopes along the longitudinal and lateral directions are 
0.01 and 0.1, respectively. 
8. The Froude Number map shows the flow is subcritical in the entire flow domain.  
9.  The maximum non-dimensional bed shear stress occurs near the breach.   
10. The maximum non-dimensional turbulent kinetic energy exists near the breach. 
11.  The structures in the flooding zone have only marginal effects on the flow field 
in the main channel. However, the flow depth at breach increases and velocity at 
breach decreases due to the structures. 
12. Comparing the results obtained by detailed measurements and the analytical 
model, the analytical model over-predicts the flow depth by 70 percent. However, 
the water surface elevation with respect to the deepest bed is over-predicted by 7 
percent, only. Differences in the results may be attributed to the unevenness in the 
bed topography.  
13. The detailed measurements may be used to develop numerical models appropriate 
for levee breach flows. 
 
6.3 Recommendations for future studies 
The following researches may be taken up as extension of the present study. 
1. All the cases considered in the present study are for rigid bed flow conditions. 
However, all natural channels are with mobile beds. Experiments with mobile 
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bed flow conditions may be performed to understand the scour pattern and 
sediment transport under levee breach flow. 
2. The flow in the present study is steady for all cases considered. Thus, detailed 
flow field may be recorded for unsteady flow conditions at the channel inlet.  
3. Experiments to understand evolution of the breaching process in earthen levees 
may be undertaken.  
4. A numerical model may be developed for real-time simulation of the flood 
wave propagation due to a levee breach. The breach geometry as a function of 
time may be included. 
5. Experiments to find efficient river training works for the closure of the 
breached levee may be conducted. 
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Appendix – 1 
 
HISTORICAL EVENTS OF LEVEE BREACH
1
 
 
 1421 - The St. Elizabeth's flood of 1421 in the Netherlands was caused when 
dikes were breached in a number of places during a heavy storm near the North 
Sea coast and the lower lying polder land was flooded. A number of villages were 
swallowed by the flood and were lost, causing between 2,000 and 10,000 
casualties. 
 1570 - The All Saints' Flood caused dike breaches on the west coast of the 
Netherlands. The total number of dead, including in foreign countries, must have 
been above 20,000, but exact data is not available. Tens of thousands of people 
became homeless. Livestock was lost in huge numbers. Winter stocks of food and 
fodder were destroyed. 
 1651 - During the St. Peter's Flood the city of Amsterdam was flooded after 
several breaches of the dikes, the coasts of Netherlands and Northern Germany 
were heavily battered. 
 1686 - The St. Martin's flood flooded large parts of the province of Groningen in 
the Netherlands. 1558 people, 1387 horses and 7861 cows died. 631 houses were 
swept away and 616 houses damaged.  
                                                 
1
 Adopted from http://en.wikipedia.org/wiki/Levee_breach.  
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 1703 - The Great Storm of 1703 caused havoc between Wales and Friesland, it 
was the most severe storm or natural disaster ever recorded in the southern part of 
Great Britain. Several dikes were breached in the Netherlands. Between 8,000 - 
15,000 lives were lost overall. 
 1717 - The Christmas flood of 1717 was the result of a northwesterly storm, 
which hit the coast area of the Netherlands, Germany and Scandinavia on 
Christmas night of 1717. In total, approximately 14,000 people drowned. It was 
the last large flood in the north of the Netherlands. 
 1809 - When De Biesbosch in the Netherlands froze ice dams caused a rapid rise 
in waterlevels in the Meuse, Waal and Merwede, which resulted in dike breaches. 
 1820 - The Alblasserwaard in the Netherlands flooded after a dike breach 
 1825 - Parts of Groningen, Friesland and Overijssel in the Netherlands were 
flooded after dike breaches 
 1855 - Large parts of the central Netherlands were flooded after the Lower Rhine 
was dammed by ice and dikes were breached 
 1916 - A storm surge on the Zuiderzee coincided with a large volume of water 
flowing down the Rhine and Meuse rivers causing dozens of dike breaches 
 1927 - The Great Mississippi Flood of 1927 occurred when the Mississippi River 
breached levees and flooded 27,000 square miles (70,000 km2), killing 246 
people in seven states and displacing 700,000 people.  
 September 1928: Storm surge from the Okeechobee Hurricane breaches levees 
surrounding Lake Okeechobee, killing an estimated 2500 people. 
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 Dec 24, 1955 - Just after midnight, a levee on the west bank of the Feather River 
collapsed just south of Yuba City, Ca., resulting in the drowning of 38 residents. 
 Jan 3, 1976 - A dike failed on the Vliet, a tributuary of the Rupel in Belgium. The 
village of Ruisbroek was flooded to a depth of 3m and over 2000 people had to be 
evacuated. This disaster prompted the drafting of Belgium's Sigma Plan as a 
counterpart to the Dutch Delta Plan. 
 Feb 20, 1986 - A levee on the south bank of the Yuba River collapsed at the 
northern Sacramento Valley community of Linda, California in Yuba County, 
inundating 36 square miles (93 km2) and destroying 600 homes. 
 Jan 31, 1995 - 250,000 people were evacuated from central parts of the 
Netherlands after river dikes had become dangerously unstable. The dikes were 
not breached after intensive works to stabilize the embankments, aided by military 
engineers. 
 Jan 2, 1997 - A levee on the west bank of the Feather River collapsed at the 
northern Sacramento Valley community of Arboga, California in Yuba County, 
killing three people. More than 100,000 people in Yuba and Sutter counties were 
evacuated. 
 26 Aug 2003 - A dike near Wilnis in the Netherlands failed and flooded that town 
due to the dike not having enough weight to withstand the water pressure of the 
canal after a long drought. 1,500 inhabitants were evacuated with no loss of life.  
 3 June 2004 - Jones Tract, an inland island that is protected by a series of levees 
located in the Sacramento-San Joaquin Delta, failed.  
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 January 5, 2008 - A levee in Fernley, Nevada burst, flooding portions of the town 
and forcing the evacuations of 3,500 residents. 
 September 14, 2008 - a levee in Munster, Indiana broke on the Little Calumet 
River resulting in flooding in most of Munster. 
 August 8, 2009 - Levees fail in Southern Taiwan due to Typhoon Morakot 
causing widespread flooding in many regions. 
 February 26, 2010 - Levees were submerged by wind and a huge tide in Vendée, 
in Western France because of the Xynthia storm. 
 April 26, 2011 - A levee on the Black River in Poplar Bluff, Missouri failed, 
sending water rushing into rural Butler County, Missouri. 
 October 30, 2012 - A levee on the Hackensack River was breached by Hurricane 
Sandy, flooding city of Moonachie, Little Ferry and Carlstadt with 1.2 to 1.5 m of 
water. 
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Appendix – 2 
 
RESULTS OF GENERALIZED EXPERIMENTAL MODEL 
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(a) Along Y1  
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(b) Along Y2 
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(c) Along Y3  
Fig. A2.1 Measured results for velocity distribution (Case G5) 
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Fig. A2.2 Average velocities (Case G5) 
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Fig. A2.3 Distribution of Froude Number (Case G5) 
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Fig. A2.4 Contours of flow depth (Case G5) 
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Fig. A2.5 Contours of bed shear stress (Case G5) 
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Fig. A2.6 (a) Distribution of TKE along Y1 (Case G5) 
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Fig. A2.7 (b) Distribution of TKE along Y2 (Case G5) 
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Fig. A2.8 (c) Distribution of TKE along Y3 (Case G5) 
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(a) Along Y1 
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(b) Along Y2 
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(c) Along Y3 
 
Fig. A2.9 Measured results for velocity distribution (Case G6) 
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Fig. A2.10 Average velocities (Case G6) 
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Fig. A2.11 Distribution of Froude Number (Case G6) 
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Fig. A2.12 Contours of flow depth (Case G6) 
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Fig. A2.13 Contours of bed shear stress (Case G6) 
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Fig. A2.14 Distribution of TKE along Y1 (Case G6) 
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Fig. A2.15 Distribution of TKE along Y2 (Case G6) 
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Fig. A2.16 Distribution of TKE along Y3 (Case G6) 
 
131 
 
 
(a) Along Y1 
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 (b) Along Y2  
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(c) Along Y3 
Fig. A2.17  Measured results for velocity distribution (Case G8) 
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Fig. A2.18  Average velocities (Case G8) 
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Fig. A2.19 Distribution of Froude Number (Case G8) 
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Fig. A2.20 Contours of flow depth (Case G8) 
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Fig. A2.21 Contours of bed shear stress (Case G8) 
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Fig. A2.22 Distribution of TKE along Y1 (Case G8) 
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Fig. A2.23 Distribution of TKE along Y2 (Case G8) 
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Fig. A2.24 Distribution of TKE along Y3 (Case G8) 
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(a) Along Y1 
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(b) Along Y2 
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(c) Along Y3 
Fig. A2.25 Measured results for velocity distribution (Case G9) 
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Fig. A2.26 Average velocities  (Case G9) 
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Fig. A2.27 Distribution of Froude Number (Case G9) 
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Fig. A2.28 Contours of flow depth (Case G9) 
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Fig. A2.29 Contours of bed shear stress (Case G9) 
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Fig. A2.30 Distribution of TKE along Y1 (Case G9) 
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Fig. A2.31 Distribution of TKE along Y2 (Case G9) 
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Fig. A2.32 Distribution of TKE along Y3 (Case G9) 
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 (a) Along Y1 
 
 
152 
 
 
(b) Along Y2 
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(c) Along Y3 
Fig. A2.33 Measured results for velocity distribution (Case G11) 
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Fig. A2.34 Average velocities (Case G11) 
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Fig. A2.35 Distribution of Froude Number (Case G11) 
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Fig. A2.36 Contours of flow depth (Case G11) 
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Fig. A2.37 Contours of bed shear stress (Case G11) 
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Fig. A2. 38 (a) Distribution of TKE along Y1 (Case G11) 
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Fig. A2. 39 (b) Distribution of TKE along Y2 (Case G11) 
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Fig. A2. 40 (c) Distribution of TKE along Y3 (Case G11) 
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(a) X-velocity  
 
(b) Y-velocity 
Fig. A3.1 Measured velocities along Y3 (case 3) 
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(a) X-velocity  
 
 
 
(b) Y-velocity 
Fig. A3.2 Measured velocities along Y5 (case 3) 
0
2
4
6
8
10
12
14
16
18
20
0 1 2 3 4 5 6
D
ep
th
 (
cm
) 
Distance from inlet (m) 
0     40   cm/s  
0
2
4
6
8
10
12
14
16
18
20
0 1 2 3 4 5 6
D
ep
th
 (
cm
) 
Distance from inlet (m) 
0   10 cm/s 
164 
 
 
(a) X-velocity 
 
 
 
(b) Y-velocity 
Fig. A3.3 Measured velocities along Y7 (case 3) 
0
2
4
6
8
10
12
14
16
0 1 2 3 4 5 6
D
ep
th
 (
cm
) 
Distance from inlet (m) 
0    40   cm/s  
0
2
4
6
8
10
12
14
16
0 1 2 3 4 5 6
D
ep
th
 (
cm
) 
Distance from inlet (m) 
0    10   cm/s 
165 
 
 
(a) X-velocity 
 
 
 
(b) Y-velocity 
Fig. A3.4 Measured velocities along X24 (case 3) 
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(a) Along Y6 
 
 
 
(b) Along Y7 
 
Fig. A3.5 Measured Z-velocities (case 3) 
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Fig. A3.6 Depth averaged velocities in the channel (case 3) 
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Fig. A3.7 Froude Numbers variation (case 3) 
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Fig. A3.8 Contours of flow depth (case 3) 
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(a) Along Y3 
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(b) Along Y5 
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(c) Along Y7 
Fig. A3.9 Variation of TKE (case 3) 
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Fig. A3.10 Distribution of bed shear stress (case 3) 
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(a) X-velocity  
 
(b) Y-velocity 
Fig. A3.11 Measured velocities along Y3 (case 5) 
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(a) X-velocity  
 
(b) X-velocity  
Fig. A3.12 Measured velocities along Y5 (case 5) 
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(a) X-velocity 
 
(b) Y-velocity 
Fig. A3.13 Measured velocities along Y7 (case 5) 
177 
 
 
(a) X-velocity 
 
(b) Y-velocity 
Fig. A3.14 Measured velocities along X24 (case 5) 
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(a) Along Y6 
 
(b) Along Y7 
Fig. A3.15 Measured Z-velocities (case 5) 
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Fig. A3.16 Depth averaged velocities in the channel (case 5) 
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Fig. A3.17 Froude Numbers variation (case 5) 
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Fig. A3.18 Contours of flow depth (case 5) 
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(a) Along Y3 
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(b) Along Y5 
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(c) Along Y7 
 
Fig. A3.19 Variation of TKE (case 5) 
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Fig. A3.20 Distribution of bed shear stress (case 5) 
 
